Rhodopseudomonas pentothenatexigens sp. nov. and Rhodopseudomonas thermotolerans sp. nov., isolated from paddy soils Two strains (JA575 T and JA576 T ) of orange-to pink-pigmented, rod-shaped, motile and budding phototrophic bacteria were isolated from paddy soils. Both strains contained bacteriochlorophyll a and carotenoids of spirilloxanthin series. Both strains had C 18 : 1 v7c as the major cellular fatty acid, ubiquinone-10 (Q 10 ) as the main quinone, and diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine and phosphatidylcholine as polar lipids. Phylogenetic analysis on the basis of 16S rRNA gene sequences showed that both strains clustered with species of the genus Rhodopseudomonas in the class Alphaproteobacteria. Strains JA575 T and JA576 T were genotypically (,35 % DNA-DNA relatedness) and phenotypically distinct from each other. Further, both strains showed less than 48 % DNA-DNA relatedness with the type strains of all recognized species of the genus Rhodopseudomonas. The molecular evidence is supported by phenotypic evidence. It is proposed that strains JA575 T and JA576 T be classified as representing two novel species of the genus Rhodopseudomonas with the species names Rhodopseudomonas pentothenatexigens sp. nov. and Rhodopseudomonas thermotolerans sp. nov., respectively. The type strains of the proposed novel species are JA575 T (5NBRC 108862 T 5KCTC15143 T ) and JA576 T (5NBRC 108863 T 5KCTC 15144 T ), respectively.
Delineating species of the genus Rhodopseudomonas is taxonomically challenging due to poor correlation of phenotypic and genotypic traits, hampering the identification and classification of newly isolated strains (Okamura et al., 2009) . The recent addition of three novel species descriptions in the genus Rhodopseudomonas (Venkata Ramana et al., 2012) put the number of validly published species names in this genus to six. In this study, we describe two additional novel species of the genus.
Strains JA575 T and JA576 T were isolated from two different paddy cultivated soils, the former was collected near Nandyala (15 u 299 47.570 N 78 u 269 33.560 E) and the latter was collected near Vijayawada (16 u 119 14.930N 80 u 479 24.670 E), Andhra Pradesh, India. Both strains were isolated from enrichments obtained in a medium described previously (Lakshmi et al., 2009) with pyruvate (25 mM) and ammonium chloride (7 mM) as carbon and nitrogen sources, respectively, in 50 ml fully filled screw-capped bottles incubated at a light intensity of 2500 lx, 30±2 u C for 7 days under anaerobic conditions. Cultures were purified by repeated streaking on agar slants (Srinivas et al., 2007; Lakshmi et al., 2009) and were maintained in pure culture under refrigeration at 4 u C and preserved as lyophilized vials. Rhodopseudomonas pseudopalustris DSM 123 T , Rhodopseudomonas palustris ATCC 17001 T , Rhodopseudomonas faecalis gc T (5JCM 11668 T ) , Rhodopseudomonas rhenobacensis Rb T (5DSM 12706 T ), Rhodopseudomonas parapalustris JA310 T and Rhodopseudomonas harwoodiae JA531 T were used for comparative studies at the authors' laboratories as recommended by Tindall et al. (2010) .
Biochemistry (Brosius et al., 1978; Lane et al., 1985) . PCR amplification was done as described previously (Imhoff & Pfennig, 2001; Imhoff et al., 1998) and 16S rRNA gene sequences were obtained (without gene cloning) by cycle sequencing with a SequiTherm sequencing kit (Biozym) and chain termination reaction (Sanger et al., 1977) using an automated laser fluorescence sequencer (Pharmacia). Identification of phylogenetic neighbours and calculation of pairwise 16S rRNA gene sequence similarity were achieved using NCBI BLAST searches (Altschul et al., 1990) and the EzTaxon server (Chun et al., 2007) . According to the ExTaxon BLAST search analysis, strains JA575 T and JA576 T shared 16S rRNA gene sequence similarity with R. faecalis gc T of 98.3 and 97.8 %, respectively, with R. rhenobacensis Rb T of 97.3 and 97 %, respectively, and with other members of the genus Rhodopseudomonas of ,97 %.
The CLUSTAL W algorithm of MEGA 4 was used for 16S rRNA gene sequence alignments and MEGA 4 (Tamura et al., 2007) software was used for phylogenetic analysis of the individual sequences. Distances were calculated by using the Kimura two-parameter model (Kimura, 1980) . Neighbour-joining (NJ) and minimum-evolution (ME) methods in the MEGA4 software (http://www.megasoftware. net/mega4/) were used to construct phylogenetic trees. Percentage support values were obtained using a bootstrap procedure. The data obtained revealed that strains JA575 T and JA576 T cluster with the type strains of species of the genus Rhodopseudomonas but were distinct from other genera of phototrophic and chemotrophic bacteria. The NJ tree (Fig. 1) shows the clustering of strains JA575 T and JA576 T with R. palustris ATCC 17001 T forming a distinct microclade; the topology of the ME tree was similar ( Fig. S1 , available in IJSEM Online). According to the phylogenetic trees (NJ, ME), strains JA575 T and JA576 T showed highest 16S rRNA gene sequence similarities to R. palustris ATCC 17001 T (97.2 and 95.8 %, respectively) , while between the two new isolates it was about 99 %. Additionally, 16S rRNA gene sequences of representative type strains were aligned using the CLUSTAL X program (Thompson et al., 1997) (multiple alignment option). Alignment was checked manually using BioEdit software (Hall, 1999) and the file was saved in PHYLIP format. For phylogenetic calculations the PhyML online version (Guindon et al., 2005) was used. The maximum-likelihood tree was constructed using the GTR model (Lanave et al., 1984) , based on the hill-climbing principle and estimated proportion of invariable sites as well as the gamma distribution parameter. The parameters in the PhyML program were as follows: input sequences are interleaved, with 100 non-parametric bootstrap analyses, GTR model of nucleotide substitution, four substitution rate categories and fixed gamma distribution parameter (alpha52.00). The maximum-likelihood tree topology ( Fig. S2 ) further confirms the NJ and ME trees with similar cladding and distances.
The taxonomic relationship between strains of the genus Rhodopseudomonas was examined using genome DNA-DNA hybridization. Genomic relatedness was determined using a membrane filter technique (Seldin & Dubnau, 1985; Tourova & Antonov, 1988 ) with a DIG high prime DNA labelling and detection starter kit II (Roche). Hybridization was performed with three replicates for each sample (control: reversal of strains was used for binding and labelling) and mean levels of relatedness of 24-48 % between different strains of the genus Rhodopseudomonas including the two new isolates were observed (Table 1) . Genomic DNA was extracted, purified according to the method of Marmur (1961) and the G+C content of the DNA was determined by HPLC (Mesbah et al., 1989) ; the DNA G+C content for strains JA575 T and JA576 T was 64.8 and 66.2 mol%, respectively. Based on the recommended standards (Stackebrandt & Goebel, 1994; Stackebrandt & Ebers, 2006) it is clear from the genomic evidence that strains JA575 T and JA576 T represent two novel species in the genus Rhodopseudomonas. To complement this genomic evidence, strains JA575 T and JA576 T were further characterized phenotypically.
Cells of all the strains of Rhodopseudomonas grown photoheterotrophically on pyruvate (25 mM) and ammonium chloride (7 mM) broth at 37 u C were harvested by centrifugation (10 000 g for 15 min at 4 u C) on reaching a cell density of 70 % of the maximum optical density and the lyophilized pellet was used for polar lipid analysis. Polar lipids were extracted from 1 g freeze-dried cells with methanol/chloroform/saline (2 : 1 : 0.8, by vol.) as described by Kates (1986) . Lipids were separated using silica gel TLC (Kieselgel 60 F 254 ; Merck) by two-dimensional chromatography with chloroform/methanol/water (75 : 32 : 4 by vol.) in the first dimension and chloroform/methanol/acetic acid/water (86 : 16 : 15 : 4 by vol.) in the second dimension (modified from the method of Tindall, 1990a, b; Oren et al., 1996) . Total polar lipids were detected by spraying with 5 % ethanolic molybdophosphoric acid and further characterized by spraying with ninhydrin (specific for amino groups), molybdenum blue (specific for phosphates), Dragendorff's reagent (quaternary nitrogen) or a-naphthol (specific for sugars) (Kates, 1972; Oren et al., 1996) . Hopanoids were visualized at 360 nm after spraying with 0.1 % solution of barberine chlorohydrate in ethanol (Neunlist et al., 1985) .
The polar lipid profile common to all Rhodopseudomonas species tested consisted of major components diphosphatidylglycerol (DPG), phosphatidylglycerol (PG), phosphatidylethanolamine (PE), phosphatidylcholine (PC), moderate amounts of an unidentified aminolipid (AL2), an unidentified phospholipid (PL), unidentified lipids (L1-4) and an amino hopanoid (AH) ( Table 1 ; Fig. S3 ). The common major polar lipid composition observed in this study is in agreement with an earlier report (Venkata Ramana et al., 2012) . The absence of amino lipids (AL1, 3-8) from strain JA576 T and the presence of unidentified lipids (L8 and 9) in strain JA575 T differentiates the novel strains from rest of the tested type strains in the genus Rhodopseudomonas ( Fig. S3 ; Table 1 ). All strains contained Two novel Rhodopseudomonas species ubiquinone-10 (Q 10 ) as the primary quinone component, which was analysed by HPLC after extraction with a chloroform/methanol (2 : 1, v/v) mixture and purified by TLC .
Cellular fatty acids were methylated, separated and identified according to the instructions for the Microbial Identification System (Microbial ID; MIDI 6.0 version; peak identification was done based on the RTSBA6 database) [Sasser (1990) ; revised http://www.midi-inc. com/], which was outsourced through the Royal Research Laboratories, Secunderabad, India. Cells of all the strains of Rhodopseudomonas grown photoheterotrophically on pyruvate (25 mM) and ammonium chloride (7 mM) broth at 37 u C were harvested by centrifugation (10 000 g for 15 min at 4 u C) on reaching a cell density of 70 % of the maximum optical density and the lyophilized pellet was used for fatty acid analysis. Whole-cell fatty acid analysis revealed that C 18 : 1 v7c (51-74 mol%) was the major fatty acid for all the strains tested. Differences in the fatty acid composition among the tested members of the genus Rhodopseudomonas are shown in Table 1 . The presence of moderate amounts of C 17 : 0 cyclo, C 19 : 0 cyclov8c and C 20 : 0 iso differentiated strains JA575 T and JA576 T from the other members of the genus Rhodopseudomonas (Table 1) .
Morphological properties (cell shape, cell division, cell size, flagella) were observed under an Olympus model BH-2 phase-contrast light microscope from cells grown photoheterotrophically on pyruvate (25 mM) and ammonium chloride (7 mM) broth at 37 u C. Cells of strain JA575 T and JA576 T were rod-shaped, 0.5-1 mm wide and 2-6 mm long and multiplied by budding. Rosette formation was observed in old cultures of both strains. The internal membrane structures were viewed with a Hitachi model H-7500 transmission electron microscope, after the cells had been processed as described by Hanada et al. (2002) . Both strains had parallel internal membrane structures (Fig. S4 ). Cells of both strains were motile by means of polar flagella (Fig. S5) . 
Rhodopseudomonas thermotolerans JA576 T (FR851928)
Rhodopseudomonas pentothenatexigens JA575 T (FR851927) Fig. 1 . Dendrogram depicting the phylogenetic relationships of strains JA575 T and JA576 T with members of the genus Rhodopseudomonas along with other chemotrophs as determined using 16S rRNA gene sequences. The tree was constructed (1350 gap-free sites were compared) by the NJ method using MEGA4 software. Bootstrap percentages from 500 replicates appear next to the corresponding branch. Bar, 1 nucleotide substitution per 100 nt.
The colour of the photosynthetically grown cell suspension of strain JA575 T was orange while it was pink for strain JA576 T . In vivo absorption spectra (Fig. S6) as measured with a Spectronic Genesys 2 spectrophotometer in sucrose solution (Trüper & Pfennig, 1981) exhibited maxima at 360, 494, 527, 590, 803 and 860 nm, confirming the presence of bacteriochlorophyll a in both strains. Carotenoid composition was determined by C 18 -HPLC analysis (eluted with acetonitril/methanol/ethylacetate, 5 : 4 : 1; flow rate, 1 ml m 21 ; absorption at 450 nm) with a photodiode array detector. Both strains had a carotenoid composition (mol%) of rhodopin (53-58 %), 3,4-dihydrorhodopin (20-29 %), anhydrorhodovibrin (3-5 %), rhodovibrin (3-7 %), lycopine (5-9 %), spirilloxanthin (1-2 %) and hydroxyspirilloxanthin (2-7 %).
NaCl was not obligatory for growth of strains JA575 T or JA576 T . The pH optimum for growth of strain JA575 T was 7-8 (range, pH 6-8), while for strain JA576 T it was pH 6.5-7.5 (range, pH 6-8). Both strains had temperature optima for growth between 30 and 35 u C. However, strain JA576 T differed from strain JA575 T in temperature tolerance; strain JA576 T tolerated up to 60 u C whereas strain JA575 T grew up to 50 u C. Photo-or chemoorganoheterotrophy [anaerobic, light (2400 lx) or aerobic, dark with pyruvate (0.03 %, w/v) as carbon sources/ electron donor] was the preferred growth mode for both strains. Photolithoautotrophy [anaerobically, in the light (2400 lx), with Na 2 S (0.5 mM)/Na 2 S 2 O 3 (2 mM), H 2 (20 %, v/v) and NaHCO 3 (0.1 %, w/v)], chemolithoautotrophy [aerobic, dark, Na 2 S 2 O 3 . 5H 2 O (1 mM) and NaHCO 3 (0.1 %, w/v)] and fermentative growth [anaerobically, in the dark, with pyruvate/glucose (0.3 %, w/v)] could not be demonstrated in either strain. Vitamin requirement was tested by replacing yeast extract with single and also combinations of vitamins as growth factors. While strain JA575 T had a requirement for thiamine, paminobenzaldehyde and pantothenate as growth factors, strain JA576 T had a requirement for p-aminobenzaldehyde only.
Utilization of organic compounds as carbon source/ electron donors under photoheterotrophic growth was tested in the above medium containing the specific organic compound (0.35 %, w/v) in the presence of yeast extract (0.01 %, w/v). Both strains showed limited utilization of organic substrates for growth (Table 1 ) and neither of the strains utilized benzoate (0.5 or 1 mM) as a carbon source for growth. Sulfate, MgSO 4 . 7H 2 O, Na 2 S . 9H 2 O, Na 2 S 2 O 3 , thioglycolate and cysteine were used as sulfur sources, while sulfite did not support phototrophic growth for either strain. Nitrogen source utilization was tested by replacing ammonium chloride with urea, nitrate, nitrite, glutamate and glutamine at 0.06 % (w/v). Both strains utilized ammonium chloride, nitrate and aspargine for growth, but not urea, glutamate, glutamine or nitrite.
The genomic data for strains JA575 T and JA576 T are supported by differences in phenotypic data particularly with respect to the whole-cell fatty acid profile, polar lipid composition, vitamin requirements, pH optima and range, temperature range, and organic substrate and electron donor utilization (Table 1 , particularly benzoate utilization). This justifies the description of strains JA575 T and JA576 T as representatives of two novel species of the genus Rhodopseudomonas, for which the names Rhodopseudomonas pentothenatexigens sp. nov. and Rhodopseudomonas thermotolerans sp. nov. are proposed, respectively.
Description of Rhodopseudomonas pentothenatexigens sp. nov.
Rhodopseudomonas pentothenatexigens (pen.to.the.nat. e9xi.gens. N.L. n. pentothenas -atis pentothenate; L. part. adj. exigens demanding; N.L. part. adj. pentothenatexigens pentothenate-demanding).
Cells are rod-shaped, 0.5-1.0 mm wide and 2.0-6.0 mm long. Cells are motile by means of polar flagella and multiply by budding. Cells of old cultures form rosettes. Internal photosynthetic membranes are present as lamellar stacks parallel to the cytoplasmic membrane. Phototrophically grown cultures are orange. The in vivo absorption spectrum of intact cells in sucrose exhibits maxima at 360, 494, 527, 590, 803 and 860 nm. Bacteriochlorophyll a and carotenoids of the spirilloxanthin series are present. Mesophilic and can grow at elevated temperatures also (range, 25-50 u C). No NaCl requirement for growth. pH optimum is from 7.0 to 8.0 (range, pH 6.0-8.0). The preferred mode of growth is photo-organoheterotrophy with a few organic compounds. Pyruvate is a good carbon source for growth. Phototrophic growth also occurs on butyrate and valerate. Acetate, benzoate, caproate, caprylate, ethanol, formate, fumarate, D-glucose, glutamate, glycerol, glycolate, malate, malonate, proponol, propionate, sorbitol and tartrate are not utilized as carbon sources. Photoautotrophic and chemoautotrophic growth with thiosulfate/H 2 /sulfide/sulfur/ sulfite/thioglycolate as the electron donor and NaHCO 3 as the carbon source are not observed. Fermentative growth does not occur in the presence of glucose, fructose or pyruvate. Nitrate and aspartate are used as nitrogen sources. Sulfate, thiosulfate, thioglycolate and cysteine are used as sulfur sources. Thiamine, p-aminobenzoic acid and pantothenate are required as growth factors. C 18 : 1 v7c is the major fatty acid with lesser amounts of C 16 : 0 , C 17 : 0 cyclo, C 18 : 1 v7c 11methyl, C 18 : 0 , C 16 : 1 v7c/v6c, C 19 : 0 cyclov8c and C 20 : 0 iso. Ubiquinone-10 is the major quinone. Diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine and phosphatidylcholine are the major polar lipids. Moderate amounts of unidentified aminolipids, a phospholipid and other lipids are also present. Amino hopanoid is present.
The type strain, JA575 T (5NBRC 108862 T 5KCTC 15143 T ), was isolated from a paddy soil sample collected near Nandyala town, Andhra Pradesh, India. The G+C content of the genomic DNA of the type strain is 64.8 mol% (by HPLC). On: Fri, 28 Dec 2018 10:23:07 Table 1 . Differentiating characteristics between strain JA575 T , strain JA576 T and other type strains of the genus Rhodopseudomonas Strains: 1, JA575 T ; 2, JA576 T ; 3, R. harwoodiae JA531 T ; 4, R. parapalustris JA310 T ; 5, R. pseudopalustris DSM 123 T ; 6, R. palustris ATCC 17001 T ; 7, R. faecalis JCM 11668 T ; 8, R. rhenobacensis DSM 12706 T . All data from the present study. For all taxa organic substrate utilization was tested during photoheterotrophic growth. Acetate, lactate and pyruvate are utilized by all the strains. All strains could not utilize citrate, fructose, mannitol, methanol or aspartate. Intracellular photosynthetic membranes are present as lamellar stacks for all strains. All strains have bacteriochlorophyll a, are positive for tryptophanase, have no salt requirement, assimilate sulfate, do not ferment glucose/fructose and have Q 10 as major quinone. +, Substrate utilized/present; 2, substrate not utilized/ absent; (+), weak growth; O, orange; P, pink; R, red; RB, red brown; PABA, p-aminobenzoic acid. 7-8 (6-8) 6.5 -7.5 (6-8) 6-7.5 (5-9) 6.5-7 (6-9) 7 (6-8) 6.5-8.5 (6-9) 7 (6.5-7) 5. 6, 8, 6 AL1, 6, 8, 9; 6 AL1,3; L2-4 AL1,3; L1-5 AL1,3,4; L1-4 AL1,3-7; L1-5 AL1,4; L1-4 Fatty acid composition (mol%) C 12 : 0 0.3 0. DPolar lipids common to all strains include: phosphatidylethanolamine (PE), phosphatidylcholine (PC), diphosphatidylglycerol (DPG), phosphatidylglycerol (PG), an unidentified phospholipid (PL), an unidentified aminolipid (AL2) and an aminohopanoid (AH). AL1-9, unknown aminolipids; L1-5, unknown lipids. Numbering of polar lipids is according to the convention adopted by Kämpfer et al. (2006) . dTested at 0.5 and 1 mM. §Data given are the mean±SD of three independent experiments performed in triplicate for each sample (control: reversal of strains was used for binding and labelling). ||HPLC method. cysteine are used as sulfur sources. p-Aminobenzoic acid is required as growth factor. C 18 : 1 v7c is the major fatty acid with lesser amounts of C 16 : 0 , C 17 : 0 cyclo, C 18 : 1 v7c 11methyl, C 18 : 0 and C 16 : 1 v7c/v6c. Ubiquinone-10 is the major quinone. Diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine and phosphatidylcholine are the major polar lipids. Moderate amounts of an unidentified aminolipid, phospholipid and other lipids are also present. Amino hopanoid is present.
The type strain, JA576 T (5NBRC 108863 T 5KCTC 15144 T ), was isolated from a paddy soil collected near Vijayawada, Andhra Pradesh, India. The DNA G+C content of the type strain is 66.2 mol% (by HPLC).
